We examined direct effect of kisspeptin on pituitary gonadotrophs. Kisspeptin-10 (KP10) significantly increased the promoter activities of the gonadotropin subunits, common alpha-glycoprotein (Cga), luteinizing hormone beta (Lhb), and follicle-stimulatinghormone beta (Fshb) in LbetaT2 cells overexpressing kisspeptin receptor (Kiss1r). KP10 and gonadotropin-releasing hormone (GnRH) increased gonadotropin subunit levels to similar degrees and combined treatment with GnRH and KP10 did not potentiate their individual effects. Adenylate cyclase-activating polypeptide 1 (AD-CYAP1) also stimulates all three gonadotropin subunits. When cells were stimulated with both KP10 and ADCYAP1, expression of gonadotropin subunits was further increased compared to KP10 or ADCYAP1 alone. KP10 and GnRH dramatically increased serum response element (Sre) promoter levels but only slightly increased cAMP response element (Cre) promoter levels. Combined stimulation with KP10 and GnRH further increased Sre promoter levels. In contrast, ADCYAP1 slightly increased Sre promoter expression but did not modify the effect of KP10. However, ADCYAP1 increased Cre promoter to greater levels than KP10 alone, and combined treatment with KP10 and ADCYAP1 further increased Cre promoter expression. KP10 increased the expression of ADCYAP1 type I receptor (Adcyap1r) and the basal activity of the Cga promoter was increased at a higher Adcyap1r transfection level. The KP10-induced fold increase in all three gonadotropin subunit promoters was not altered by transfection with a higher amount of Adcyap1r vector. Our findings using model cells show that distinct signaling activation by ADCYAP1 potentiates the action of KP10. We also found that KP10 increases Adcyap1r expression.
Introduction
The gonadotropins luteinizing hormone (LH) and folliclestimulating hormone (FSH) are the principle regulators of follicle development and sex steroid biosynthesis. Gonadotropin release is controlled by hypothalamic gonadotropin-releasing hormone (GnRH), which is released in a pulsatile manner into the portal circulation [1] .
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In the past, GnRH has been defined as being positioned at the highest levels of the hypothalamic-pituitary gonadal axis (HPG), but after the identification of inactivating mutations of G protein-coupled receptor 54 (recently named the kisspeptin receptor [Kiss1R]) [2, 3] , it is now generally agreed that hypothalamic kisspeptin neurons govern the synthesis and release of GnRH.
Fibers of kisspeptin neurons project to cell bodies and processes of GnRH neurons, and it has been revealed that GnRH neurons express Kiss1R [4] . Kisspeptin causes depolarization of GnRH neurons with increases in neuronal firing [5, 6] and the expression and secretion of GnRH [7, 8] . In rodents, kisspeptin neurons have been shown to be located in two different brain regions, the arcuate nucleus (ARC) and anteroventral periventricular nucleus (AVPV) of the hypothalamus. Kisspeptin neurons within the ARC co-express neurokinin B and dynorphin and are thought to be responsible for GnRH pulse generation. However, kisspeptin neurons within the AVPV area are known to be linked to the timing of the preovulatory LH surge [9] . Thus, these two populations of kisspeptin neurons are strongly implicated in the negative and positive feedback mechanisms of sex steroids.
Hypothalamic kisspeptin is positioned at the highest levels of the HPG axis, where it plays a pivotal role. In addition, fragmentary evidence suggests that kisspeptin might also act at the pituitary level. Kisspeptin is present in the hypophysial portal circulation in sheep [10] , and Kiss1R is expressed at the pituitary level [11] . Moreover, several reports showed that kisspeptin directly stimulates the secretion of LH and FSH, as well as prolactin and growth hormone [11] [12] [13] [14] . Kisspeptin is also expressed within the pituitary gland and it was reported that both Kiss1R and kisspeptin within the pituitary are under the control of sex steroids and GnRH [15, 16] . Thus, kisspeptin could act as a hypothalamic factor to regulate pituitary hormones and could have effects as an autocrine or paracrine factor within the pituitary gland. In a mouse pituitary gonadotroph cell model, LβT2, kisspeptin can induce expression of the Lhb and Fshb subunits, but not the GnRH receptor (Gnrhr) [17] . In this study, it was shown that kisspeptin induces Lhb through an EGR1-dependent pathway, whereas it induces Fshb subunit via AP-1.
Pituitary gonadotropins are also regulated by adenylate cyclase-activating polypeptide 1(ADCYAP1). ADCYAP1 is a multifunctional peptide that was first isolated from ovine hypothalamic extracts that could stimulate cAMP accumulation in the pituitary cells [18, 19] . ADCYAP1 directly affects the pituitary gland via the portal circulation as a hypothalamic factor and is expressed in gonadotrophs as well as folliculostellate cells of the anterior pituitary [20, 21] , suggesting that ADCYAP1 also serves as a releasing factor for pituitary hormones and as a local factor within the pituitary gland.
In addition to GnRH, kisspeptin and ADCYAP1 participate in the regulation of pituitary gonadotropins. In this study, we focused on how kisspeptin directly stimulates gonadotropin subunits in association with GnRH and ADCYAP1 using mouse pituitary gonadotroph LβT2 cells.
Materials and methods

Materials
The following chemicals and reagents were obtained from the indicated sources: foetal bovine serum (FBS) and trypsin (GIBCO, Invitrogen, Carlsbad, CA); Dulbecco modified Eagle medium (DMEM), penicillin-streptomycin, GnRH (Sigma-Aldrich, St. Louis, MO); AD-CYAP1 (PACAP38) (Peptide Institute, Osaka, Japan); kisspeptin-10 (KP10) (ANA SPEC, Fremont, CA); serum response element (Sre) and cAMP-response element (Cre) firefly luciferase reporter genes (pSre-Luc and pCre-Luc) and pCi-neo (Promega, Madison, WI).
Cell culture
LβT2 cells, kindly provided by Dr. P. Mellon, University of California, San Diego, La Jolla, CA, were plated in 35-mm tissue culture dishes and incubated with high-glucose DMEM containing 10% heat-inactivated FBS and 1% penicillin-streptomycin at 37
• C under a humidified atmosphere of 5% CO 2 in air. After 24 h, the culture medium was changed to high-glucose DMEM containing 1% heatinactivated FBS and 1% penicillin-streptomycin. The protocol was approved by the committee of the Experimental Animal Center for Integrated Research at Shimane University.
Receptor overexpression
The human GPR54 (Kiss1r) vector was generously provided by Dr. Reporter plasmid construct and luciferase assay
The reporter constructs, which were generated by fusing -797/+5 of the rat Lhb gene (Lhb-Luc), -2000/+698 of the rat Fshb gene (Fshb-Luc), and -846/0 of the human Cga gene (Cga -Luc) to firefly luciferase cDNA in pXP2, were generously provided by Dr. Ursula Kaiser [23, 24] . Cells were transiently transfected via electroporation together with either Kiss1r or Adcyap1r expression vector and 2.0 μg/well of gonadotropin subunit-Luc or pSre-Luc (2.0 μg/well; contains five tandem repeats of Sre enhancer (X4) upstream of the firefly luciferase gene) and 0.1 μg of PRL-TK (Promega), which expresses Renilla luciferase. An empty vector (pCi-neo) served as the mock control. After incubation with kisspeptin (100 nM), GnRH (100 nM) or ADCYAP1 (100 nM), alone or in combination with each peptide for 6 h, cells were washed with ice-cold PBS and lysed with PLB (Passive Lysis Buffer, Promega). After centrifugation at 15 000 rpm and 4
• C, firefly luciferase and Renilla luciferase activities were measured in the supernatant using the Dual-Luciferase Reporter Assay System and a TD-20/20 luminometer (both from Promega) according to the manufacturer's protocol. Firefly luciferase activity was normalized to that of Renilla luciferase to correct for transfection efficiency, and the results were expressed as the level (fold) of increase compared with the unstimulated control. . The PCR primers were designed based on the published sequences of Cga [25] , Lhb, Fshb [26] , Adcyap1 [27] , Kiss1r [28] , and Adcyap1r [29] . The simultaneous measurement of mRNA (Adcyap1 and Adcyap1r) and Gapdh permitted normalization of the amount of cDNA added per sample. For each set of primers, a notemplate control was included. The thermal cycling conditions were 95
• C for 10 min for denaturation, followed by 40 cycles of 95
• C for 15 s and 60
• C for 1 min. The crossing threshold (CT) was determined using PRISM 7000 software and postamplification data were analyzed using the delta-delta CT method with Microsoft Excel.
Statistical analysis
All experiments were independently repeated at least three times. Each experiment in each experimental group was performed using At 48 h after transfection, cells were treated with 100 nM kisspeptin (KP10) for 6 h. A luciferase assay was performed to examine Lhb, Fshb, and Cga promoter activity, which was normalized to PRL-TK activity and expressed as the fold difference in activation over unstimulated controls. Data are expressed as mean ± SEM (three independent experiments performed using triplicate samples). * * P < 0.01 vs control. For mRNA quantification, LβT2 cells were stimulated with 100 nM kisspeptin (KP10) for 24 h, and Lhb (D), Fshb (E), and Cga (F) mRNA levels were measured by quantitative real-time PCR after mRNA extraction and reverse transcription. Samples for each experimental group were run in duplicate and normalized to Gapdh mRNA levels as a housekeeping gene. Data are expressed as mean ± SEM (three independent experiments performed using triplicate samples). Values represent the mean ± SEM of the fold stimulation from independent experiments. * * P < 0.01 vs control. 1 μg) vectors. Forty-eight hours after transfection, cells were treated with 100 nM kisspeptin (KP10) or 100 nM GnRH or both for 6 h. A luciferase assay was performed to examine Lhb, Fshb, and Cga promoter activity, which was normalized to PRL-TL activity. Data are expressed as mean ± SEM (three independent experiments performed using triplicate samples). * * P < 0.01 vs control.
The differences between the KP10 and GnRH + KP10 for each gonadotropin subunit promoter were not statistically significant.
either triplicate samples (luciferase assay) or duplicate samples (realtime RT-PCR). Briefly, when we determined the mRNA expression, two samples were assayed in duplicate. Six averages from three independent experiments were statistically analyzed. For the luciferase assay, three samples were assayed in one experiment, and three averages were statistically analyzed. Data are expressed as mean ± SEM. Statistical analysis was performed using one-way ANOVA followed by the Duncan multiple range test or using the Student t-test. P < 0.05 was considered statistically significant.
Results
Expression of Kiss1r and/or Adcyap1r in LβT2 cells
In this study, we examined the interactions between kisspeptin and ADCYAP1 signaling. Although LβT2 cells express endogenous Kiss1R, these cells only respond to kisspeptin and accelerate its signal transduction when cells overexpress Kiss1R [28] . Similarly, LβT2 cells express ADCYAP1R [30] , but the response of ADCYAP1 was more clearly observed when cells overexpressed ADCYAP1R [31] .
To perform the following experiments using LβT2 cells, we overexpressed Kiss1R and/or ADCYAP1R to more clearly observe their response. After transfection of expression vectors for Kiss1r or Adcyap1r, the increases in Kiss1r ( Figure 1A ) and Adcyap1r ( Figure 1B ) mRNA expression were confirmed by RT-PCR.
Effect of kisspeptin on gonadotropin subunit promoters
Stimulation of the Kiss1r-overexpressing LβT2 cells with kisspeptin increased the promoter activities of all three gonadotropin subunits, by 3.10 ± 0.35-fold (Lhb) (Figure 2A ), 2.76 ± 0.98-fold (Fshb) ( Figure 2B ), and 8.82 ± 1.02-fold (Cga) ( Figure 2C ). Kisspeptin also stimulated the expression of the endogenous mRNAs for Lhb ( Figure 2D ), Fshb ( Figure 2E ), and Cga ( Figure 2F ).
Effect of kisspeptin on GnRH-induced gonadotropin subunit promoters
Next, we examined how GnRH and kisspeptin cooperate in pituitary gonadotrophs. Cells were stimulated with GnRH, kisspeptin, or both. In LβT2 cells overexpressing Kiss1R, GnRH and kisspeptin increased the activities of the Lhb, Fshb, and Cga subunit promoters to similar degrees. There was no significant difference in gonadotropin subunit-stimulating effects between GnRH and kisspeptin. In addition, combined treatment of the cells with GnRH and kisspeptin did not modulate their individual effects (Figure 3 ).
Effect of kisspeptin on ADCYAP1-induced gonadotropin subunit promoters ADCYAP1 can also stimulate gonadotropin subunit promoters [32] .
To clearly observe the effects of ADCYAP1, in addition to Kiss1r, Adcyap1r was also overexpressed in LβT2 cells. ADCYAP1 increased gonadotropin subunit promoter activities to degrees similar to those induced by kisspeptin. Only in the Fshb subunit promoter did kisspeptin exert a much greater effect on promoter activation compared with ADCYAP1 ( Figure 4B ). When cells were stimulated with both kisspeptin and ADCYAP1, the fold induction of gonadotropin promoters was significantly increased compared to that seen with individual stimulation (Figure 4 ). 1 μg) vectors. Forty-eight hours after transfection, cells were treated with 100 nM kisspeptin (KP10) or 100 nM ADCYAP1 or both for 6 h. A luciferase assay was performed to examine Lhb, Fshb, and Cga promoter activity, which was normalized to PRL-TL activity. Data are expressed as mean ± SEM (three independent experiments performed using triplicate samples). * * P < 0.01 vs control. The difference between the KP10 and ADCYAP1 for Fshb-promoter was statistically significant (P < 0.01). The differences between the KP10 and KP10 + ADCYAP1 and between the ADCYAP1 and KP10 + ADCYAP1 for each gonadotropin subunit promoter were statistically significant (P < 0.01).
Effect of KP10 and ADCYAP1 on GnRH-induced Sre and Cre promoter activity
Sre is a DNA domain that binds extracellular signal-regulated kinase (ERK)-mediated transcription factors, whereas the Cre promoter is a target of the cAMP/protein kinase A (PKA) pathway. In Kiss1r-and Adcyap1r-overexpressing LβT2 cells, both GnRH and kisspeptin dramatically stimulated the Sre promoter up to 52.47 ± 2.40-fold and 54.02 ± 6.71-fold, respectively, versus control. Combined stimulation with GnRH and kisspeptin further increased Sre promoter activity by 85.47 ± 10.43-fold, which was statistically significant compared with the increased obtained with GnRH or kisspeptin alone. However, the effect of ADCYAP1 on the Sre promoter was significant but was limited compared to those of GnRH and kisspeptin (5.23 ± 0.81-fold). In addition, combined stimulation with AD-CYAP1 and kisspeptin did not potentiate the effect of kisspeptin alone ( Figure 5A ). On the contrary, the pattern of activation of the Cre promoter was distinct. Both GnRH and kisspeptin significantly increased Cre promoter activity to similar degrees, by 4.81 ± 0.26-fold and 5.06 ± 0.68-fold, respectively, and combined treatment with GnRH and kisspeptin failed to further increase this activity. ADCYAP1 increased Cre promoter activity by 18.29 ± 1.06-fold, which was more robust than that obtained with GnRH or kisspeptin stimulation. In addition, ADCYAP1-induced Cre promoter activity was significantly potentiated in the presence of kisspeptin, with a 26.56 ± 6.25-fold increase ( Figure 5B ).
Effect of kisspeptin on ADCYAP1 and its receptor expression
It has been shown that LβT2 gonadotrophs express ADCYAP1 and ADCYAP1R [33] . Next, we examined how kisspeptin affects AD-CYAP1 and its receptors within the LβT2 cells. Treatment of the LβT2 cells for 48 h failed to stimulate Adcyap1 mRNA expression; however, the Adcyap1r mRNA level was significantly increased ( Figure 6 ).
Effect of Adcyap1r transfection on gonadotropin subunit promoter activity
Finally, we examined how the cell response changed in response to changes in the ADCYAP1R expression levels. LβT2 cells were transfected with different amounts of Adcyap1r expression vector, 2.0 and 4.0 μg, and stimulated with kisspeptin. The basal activity of the gonadotropin subunit promoters and the kisspeptin-induced fold induction of gonadotropin subunit promoters were compared. Although the basal promoter activities of Lhb and Fshb subunits were not altered, the basal activity of the Cga promoter was significantly increased by transfection with the higher amount of Adcyap1r expression vector ( Figure 7A-C) . In contrast, kisspeptin-increased gonadotropin subunit promoter activities were not modulated by transfection with either amount of Adcyap1r expression vector ( Figure 7D-F) . We also confirmed that the mRNA level of Cga was increased by Adcyap1r overexpression in LβT2 cells (Figure 8 ).
Discussion
Several reports have determined that kisspeptin acts directly at the level of the pituitary [34] and that gonadotrophs, somatotrophs, and lactotrophs are possible targets of kisspeptin within the pituitary gland [10, 11] . However, it still not fully understood whether these effects are modest or subordinated to the central effect of kisspeptin on hypothalamic factor-related neuronal pathways. In this study, we 1 μg) vectors. Forty-eight hours after transfection, cells were treated with 100 nM GnRH, 100 nM kisspeptin (KP10), 100 nM ADCYAP1, or both GnRH and KP10 or KP10 and ADCYAP1 for 6 h. A luciferase assay was performed to examine Sre and Cre promoter activity, which was normalized to PRL-TL activity. Data are expressed as mean ± SEM (three independent experiments performed using triplicate samples). The differences in Sre promoter activity between GnRH and GnRH + KP10, between KP10 and KP10 + GnRH, and between ADCYAP1 and KP10 + ADCYAP1 were statistically significant (P < 0.01). The differences in Cre promoter activity between KP10 and KP10 + ADCYAP1 and between ADCYAP1 and KP10 + ADCYAP1 were statistically significant (P < 0.01). n.s., not significant.
focused on the direct effect of kisspeptin on pituitary gonadotrophs using the mouse gonadotroph cell line LβT2. As reported previously [17] , we observed that kisspeptin increased the transcriptional activities of gonadotropin subunits in LβT2 cells. These cells responded to kisspeptin, but a response was observed only when cells overexpressed Kiss1R. Although LβT2 cells express Kiss1R, we suppose that endogenous Kiss1R is reduced or not functional, probably due to cell immortalization or multiple passages. Witham et al. demonstrated the effects of kisspeptin on gonadotropin subunit gene expression using LβT2 cells, and they also transfected the cells with Kiss1r expression vector [17] . A similar phenomenon was also observed in a GnRH-producing cell model, GT1-7. GT1-7 cells express Kiss1R because their origin is mouse GnRH neurons, but these cells did not respond to kisspeptin without Kiss1R overexpression [35] . Thus, we used LβT2 cells overexpressing Kiss1R in our current experiments. Transcriptional activities of the pituitary gonadotropin subunits Cga, Lhb, and Fshb were all increased by kisspeptin stimulation and these increases were similar to those induced by GnRH. Of course, although the effect of kisspeptin on gonadotropin promoters was induced through artificially expressed Kiss1R, GnRH acted on endogenous GnRH receptor. Therefore, we could not simply compare the strength of the gonadotropin subunit promoter-activating effect between GnRH and kisspeptin. Similarly, because ADCYAP1R were artificially overexpressed in the LβT2 cells, we could not compare the exact efficiency of the activation of the three gonadotropin subunit promoters induced by kisspeptin and ADCYAP1. However, from the experiments in which cells were stimulated together with kisspeptin and GnRH or ADCYAP1, a different phenomenon was observed. Combined stimulation with kisspeptin and GnRH did not potentiate their individual effects, whereas combined kisspeptin and ADCYAP1 potentiated their individual effects on the three gonadotropin subunit promoter activities. These observations imply that kisspeptin and GnRH may be activating the same signaling pathway. Both Kiss1R and the GnRH receptor couple with Gq/11 and induce the formation of inositol triphosphate (IP3) through phospholipase C-dependent mechanisms [36, 37] , and both are strong activators of ERK signaling pathways in a protein kinase C-dependent manner [36, 38] . In contrast, both GnRH and Kiss1R can stimulate cAMP/protein kinase A (PKA)-mediated signaling pathways [35, 39] . Because gonadotropin subunit promoters are sensitive to both ERK and cAMP/PKA pathways [32, 40] and these response elements exist in their promoter regions, ERK and cAMP/PKA activation was determined by a Sre-and Cre-luciferase assay. Both GnRH and kisspeptin dramatically increased Sre promoter activity by more than 50-fold. Because Cre promoter activity stimulated by GnRH or kisspeptin was extremely low compared to that of the Sre promoter, we assumed that the cAMP/PKA signaling activation observed after GnRH and kisspeptin stimulation is not the main route of their actions. However, ADCYAP1 dramatically increased cAMP/PKA signaling more than ERK signaling, as it was first discovered based on its cAMP-accumulating ability [18] . In addition, the observations that both Sre and Cre promoters activated by ADCYAP1 were further potentiated in the presence of kisspeptin suggest that the combination of different signaling pathways by kisspeptin and ADCYAP1 further increased gonadotropin subunit promoter activity. Combined stimulation with kisspeptin and GnRH potentiated the Sre promoter, but not the Cre promoter. The detailed mechanisms underlying how ERK signaling is potentiated by combined stimulation with kisspeptin and GnRH are currently unknown, but we did find that this ERK signaling potentiation did not correlate with gonadotropin subunit promoter activities. The difference in the response to combined stimulation with kisspeptin and GnRH or ADCYAP1 suggests that a different signaling pathway other than kisspeptin might be necessary to potentiate the effect of kisspeptin on gonadotropin subunit promoters. Although ADCYAP1 acts as a hypothalamic factor at the pituitary level, ADCYAP1 and ADCYAP1R are expressed in the pituitary gland [19] as well as in LβT2 cells [33] . Interestingly, we found that Adcyap1r expression within LβT2 cells was increased by kisspeptin stimulation, suggesting that hypothalamic kisspeptin could affect the gonadotrophs by changing the expression of the receptor for another secretagogue of gonadotrophs. By changing the amount of ADCYAP1R in LβT2, the basal promoter activity of Cga was significantly increased. These results suggest that kisspeptin affects gonadotrophs and changes their character to spontaneously produce more Cga. Our observation that kisspeptin-induced Cga, Lhb, and Fshb promoter activities were unchanged by increased ADCYAP1R overexpression suggests that the level of ADCYAP1R expression does not influence the effect of kisspeptin on gonadotropin subunit expression. Although the physiological significance of the increase in basal Cga expression is still obscure, it may modulate the secretory processes of LH and FSH by accelerating dimerization of specific gonadotropin beta subunits. In addition, a previous study demonstrated that increasing the ADCYAP1R expression levels in gonadotrophs enhanced ADCYAP1-induced gonadotropin subunit expression and also changed the efficiency of GnRH to increase gonadotropin subunit expression [33] . Thus, we assume that kisspeptin could induce the gonadotrophs to produce more gonadotropins by changing ADCYAP1R expression levels.
In this study, we examined the direct effect of kisspeptin on pituitary gonadotrophs using LβT2 cells overexpressing Kiss1R and/or ADCYAP1R. Kisspeptin increased Cga, Lhb, and Fshb subunit promoter activities, and these effects were potentiated by ADCYAP1, but not GnRH. Kisspeptin increased Adcyap1r expression and promoted the basal activity of Cga. In addition to the direct effect on gonadotropin subunit expression, kisspeptin could change the gonadotrophs to increase their ability to produce gonadotropins. Our current study was performed using immortalized gonadotroph cell lines overexpressing Kiss1R or ADCYAP1R, and it is still unclear whether interactions with kisspeptin and ADCYAP1 signals exist in in vivo models. Furthermore, it is indisputable that many published papers have denied a direct action of kisspeptin on the pituitary [41, 42] . We should carefully consider these matters in future studies.
